We report the photochemical generation and study of a family of water-soluble iron(IV)-oxo complexes supported by pentapyridine PY5Me 2 -X ligands (PY5Me 2 = 2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine; X = CF 3 , H, Me, or NMe 2 ), in which the oxidative reactivity of these ferryl species correlates with the electronic properties of the axial pyridine 2+ derivatives with electron-poor axial ligands show faster rates of HAT and OAT compared to their counterparts supported by electron-rich axial donors, but the magnitudes of these differences are relatively modest.
■ INTRODUCTION
High-valent iron-oxo intermediates play important roles in chemical and biological oxidations. 1−15 Iron coordinated within heme-and non-heme-dependent enzyme active sites are capable of a diverse array of oxidative transformations, including hydrogen atom transfer (HAT) from and oxygen atom transfer (OAT) to hydrocarbon substrates, as well as oxidation of phosphines, sulfides, and amines. 15−22 This rich reactivity continues to inspire the development of synthetic analogues, particularly Fe(IV)-oxo moieties with S = 1 23−36 or S = 2 spin states. 37−43 In contrast to their enzymatic counterparts, however, a vast majority of biomimetic Fe(IV)-oxo complexes have been prepared and studied in organic solution. Inspired by the wealth of elegant synthetic chemistry using amine-and pyridine-based ligands for supporting ferryl intermediates, for example, cyclam, 23, 24, 31, 36, 44 N4PY, 26 BnTPEN, 45 Me 2 TACNPy 2 , 46 BP1, and BP2, 28, 47, 48 as well as our laboratories' work on the development of water-soluble molecular catalysts for reduction of protons to hydrogen, 49−52 we sought to expand the palette of this synthetic chemistry to aqueous media.
In this report, we present the chemical and photochemical generation, spectroscopy, and reactivity of water-soluble Fe(IV)-oxo complexes supported by an isostructural family of pentapyridine ligands where the electronic properties of the axial pyridine trans to the oxo moiety can be tuned in a systematic fashion. This series of compounds allows us to probe axial ligand effects on ferryl reactivity in water, which is of fundamental interest with regard to both heme and non-heme systems. 4,27,31,32,53−58 Indeed, in one notable study from the bioinorganic model literature, evaluation of [FeTMC-(MeCN) 2 ] 2+ (TMC = tetramethylcyclam) complexes with a variety of anionic axial ligands (OH ) in organic solution show that the rates of OAT reactions decrease with increasing electronic density, whereas HAT reactivity increases with more electron-rich ligands. 4, 27, 30, 31 Here, we provide a complementary set of data on axial ligand effects of neutral pyridine donors on ferryl reactivity in aqueous solution, focusing on OAT and HAT reactivity with hydrocarbon substrates.
■ RESULTS AND DISCUSSION
Fe(II)-PY5Me 2 Complexes with Varying Electronic Properties. We reasoned that varying substituents on the para position of the axial pyridine in a PY5Me 2 scaffold would directly tune electron density in the d z 2 orbital and hence allow us to evaluate the influence of these electronic changes on Fe− oxo bonding and reactivity. As a first step toward this goal, we synthesized a series of Fe(II)-PY5Me 2 -X complexes (where X = CF 3 , H, Me, or NMe 2 ) with a span of electron-donating and electron-withdrawing groups (Scheme 1). Mixing equimolar amounts of Fe(OTf) 2 and ligand in MeCN at room temperature yields the compounds [Fe II (MeCN)(PY5Me 2 -X)](OTf) 2 (1-X, X = CF 3 , H, Me, NMe 2 ). As expected, the complexes are low-spin d 6 and diamagnetic (S = 0) and can be readily characterized by NMR spectroscopy. Crystal structures show that the 1-X series of complexes show high structural similarity, as evidenced by their Fe−N bond lengths and N− Fe−N bond angles (Figure 1 (Figure 1 ). During the preparation of this manuscript, 2-NMe 2 was reported as a potential MRI contrast agent. 59 Despite structural similarities between the different derivatives, cyclic voltammetry measurements on complexes 1-X reveal that the Fe(III/II) redox potentials in MeCN solution can vary by up to 300 mV between the most electronwithdrawing (1-CF 3 , +0.86 V vs SCE) and electron-donating (1-NMe 2 , +0.56 V vs SCE) congeners. Overall, the Fe(III/II) redox potentials correlate well with the Hammett parameter (σ p ) 60 of the added substituents ( Figure 2 and Table 1) , where electron-rich derivatives are more easily oxidized from Fe(II) to Fe(III).
The Fe(II)-aqua series, 2-X, exhibit a similar trend, with the Fe(III/II) redox potential of the NMe 2 derivative being 200 mV more negative than that of the CF 3 derivative (Figure 3,  top) . Moreover, the Fe III/II redox potentials of these aqua complexes show a linear dependence on pH with a slope of 59 mV/pH within the pH 3−6 range, establishing that the redox process is proton-coupled and likely involves conversion of the Fe(II)-OH 2 to an Fe(III)-OH species, akin to what Stack and co-workers observed in related FePY 5 models for lipoxygenases. 61, 62 In the case of the NMe 2 derivative, the Fe(III/II) potential is negative enough to allow oxidation of 2-NMe 2 by molecular oxygen, consistent with a previous study reporting that 2-NMe 2 has a spin-crossover transition at room temperature, which enables its reactivity with oxygen. 59 We also evaluated the effects of varying the electronics of the axial pyridine ligand in the 1-X and 2-X series using Mossbauer spectroscopy. Although the isomer shifts of all Fe(II) complexes are similar, the quadrupole splitting values (|ΔE q |) rise with increasing the electron-donating ability of the ligand platform, establishing the influence of the ancillary ligand on the nuclear quadrupole moments at the iron centers ( and mCPBA, based on the reported formation of an Fe(IV)-oxo species at low temperature with the related ligand PY5 (Table 3) . 6, 26, 61 However, use of these agents, as well as other oxidants, such as persulfate or Oxone, did not yield Fe(IV)-oxo species for any of the PY5Me 2 derivatives. Likewise, hydrogen peroxide and O 2 did not react appreciably with these complexes in MeCN solution, as the Fe(III/II) redox couples of the 1-X derivatives are significantly more positive than those of other related amine-supported Fe complexes that can be oxidized readily by PhIO ( Table 3) .
As such, we turned our attention to the Fe(II)-OH 2 congeners, 2-X, as their Fe(III/II) redox couples are ∼700 mV less positive relative to the MeCN-ligated 1-X species.
Cyclic voltammograms at a high scan rate of 2-X also revealed a second redox couple, which could be attributed to the Fe(IV)/ (III) redox couple (Figures S3−S6, Supporting Information). Specifically, we were encouraged by examples of Fe(IV)-oxo formation by oxidation of Fe(II)-OH 2 complexes in a protoncoupled electron transfer process, which has been achieved by chemical, 20, 64 electrochemical, 29 and photochemical 46,65 means. Notably, only a few of the reported ferryl species produced in this manner have been shown to be competent for substrate oxidations in water using water itself as an OAT source, and most of these examples still require acetonitrile as an organic cosolvent. 46, 65 We were pleased to observe that the Fe(II)-OH 2 complexes 2-X can be oxidized rapidly with CAN (ceric ammonium nitrate) in water or water/MeCN mixture, producing the corresponding pale-green Fe(IV)-oxo species (3-X). Oxidation of 1-X in aqueous media also yielded the same results as the apical ligand is labile. These complexes could be observed and characterized at room temperature (Scheme 2), with the exception of the 3-NMe 2 derivative, which was only fleetingly observed at low temperature and quickly decomposed ( Figure  S16 , Supporting Information). We speculate that autoxidation and decomposition of the ligand contributes to the instability of this intermediate. Nevertheless, the Fe(IV)-oxo species 3-CF 3 , 3-H, and 3-Me exhibit good stability in water in the absence of , and N 3 − ), which result in relatively large differences in quadrupole splitting parameters. We rationalize the smaller magnitudes of alterations in the fitted quadrupole splitting parameters in complexes 3-X compared to the TMC system by the more subtle fine-tuning of pyridine donor strengths on the Fe(IV)-oxo unit. 27, 30, 31 A summary of spectroscopic characterization parameters for Fe(IV)-oxo complexes 3-X are listed in Table 4 .
To help establish that the source of the oxo ligand is derived from water, H 2 18 O was used in the oxidation reaction to synthesize the [Fe IV (O)(PY5Me 2 -X)] 2+ species. Infrared spectra of solid Fe(IV)-oxo samples generated using 18 Olabeled water show expected peak shifts in the Fe−O vibrations, in agreement with a harmonic oscillator model (Table 3, Figure  5 ). Across this homologous series, the Fe−O bond for the 3-CF 3 derivative is the strongest among the three derivatives. In addition, the 18 O-labeled [Fe IV (O)(PY5Me 2 -X)] 2+ species generated was subjected to mass spectrometric analysis. As the oxygen in the ferryl moiety is susceptible to facile exchange with oxygen from trace H 2 16 O in the solvent, H 2
18
O was employed as a solvent during the oxidation reaction and subsequent spectrosopic characterization. intermediates, where X = CF 3 , H, and Me, were detected directly (Table S3 , Supporting Information). Moreover, in control experiments performed in the absence of light, photosensitizer, and/or terminal electron acceptor, no evidence for Fe(IV)-oxo formation was apparent.
We speculate that initial oxidation of the Fe(II)-OH 2 starting material to Fe(III)-OH and subsequent oxidation to Fe(IV)-oxo is a logical pathway, as Fe(IV)-oxo, directly generated in the presence of Fe(II) starting material, can undergo an intermolecular reaction to produce a μ- 2+ species in hand, we surveyed their oxidative reactivity for HAT and OAT reactions with hydrocarbons and alcohols, to benchmark their properties compared to other synthetic S = 1 Fe(IV)-oxo complexes reported in the literature. Stoichiometric reactivity studies of the Fe(IV)-oxo complexes in 3-CF 3 , 3-H, and 3-Me in MeCN solution, isolated from chemical oxidation, show rapid reaction with hydrocarbon substrates containing weak C−H bonds, including 9,10-dihydroanthracene (BDE = 77 kcal/mol) and ethylbenzene (87 kcal/mol). 2, 42 The ferryl species are also competent for oxidation of benzyl alcohol to benzaldehyde, as well as oxidation of N,N-dimethylaminobenzene; the latter result provides a rationale for the relative instability of 3-NMe 2 , suggesting that ligand oxidation can lead to formation of an Fe III byproduct. We also observe that the [Fe IV (O)(PY5Me 2 -X)] 2+ species are capable of hydrocarbon oxidations in aqueous solution at pH 5.5 (nonbuffered water), expanding their use beyond organic media. Specifically, we evaluated three water-soluble substrates to represent different modes of reactivity: 25 benzyl alcohol for HAT-mediated alcohol oxidation, 4-ethylbenzenesulfonate sodium salt for HAT-mediated hydrocarbon oxidation, and 4-styrenesulfonate sodium salt for olefin oxidation via OAT. Fe(IV)-oxo generated photochemically reacted with 1 equiv of substrate. After 5 min, d 4 -sodium trimethylsilylpropanoate was added as an internal standard. 66 The products of the oxidation reaction were identified using NMR spectroscopy, and the results showed oxidation of benzyl alcohol to benzaldehyde, ethylbenzenesulfonate to 1-phenylethanolsulfonate and acetophenonesulfonate, and styrenesulfonate to styreneoxidesulfonate and the corresponding diol products.
Second-order rate constants were measured by observing decay of the characteristic Fe(IV)-oxo signature centered at 710 nm in the UV−vis spectra upon substrate oxidation. The Fe(IV)-oxo species were generated under photochemical conditions before addition of 5, 10, 20, 30, and 40 equiv of substrate. Among this systematic series, we observe that the [Fe
IV (O)(PY5Me 2 -X)]
2+ derivative containing the most electron-withdrawing group, the 3-CF 3 congener, shows the fastest rates of oxidation for both HAT and OAT reactions with the substrates tested (Table 5) .
Reaction rate differences also correlate to the Hammett parameters (σ p ) of the ligand substituents, as shown in Figure 58 and Mn V (O)(TBP 8 Cz) 55−57 systems. While those systems reported orders-of-magnitude increase in reaction rate, the change in substituents serves as a fine-tuning to the electronic properties and varies the reaction rate by less than 10-fold. Small variations in Mossbauer parameters (Table 4 ) and redox potentials measured by voltammetry ( Figures S3−S6 , Supporting Information) also support this finding. DFT calculation study is currently employed to better understand structure− reactivity relationships.
■ CONCLUDING REMARKS
Through the synthesis, characterization, and evaluation of a family of Fe-PY5Me 2 -X complexes, we have probed the effect of systematic changes on the axial pyridine ligand toward the electronic properties and reactivity of water-soluble Fe(IV)-oxo species supported by this pentapyridine platform. Substitutions at the para position of the axial pyridine with an array of electron-donating and electron-withdrawing functionalities result in a predictable and significant 200−300 mV shift in the Fe III/II redox potentials, with concomitant changes in the quadrupole splitting parameters observed in the Mossbauer spectra. Oxidations of Fe(II)-aqua precursors by chemical or photochemical means proceed smoothly to generate watersoluble Fe(IV)-oxo complexes with competent lifetimes at room temperature; as expected across the series, electron-rich derivatives are more readily oxidized to the Fe(IV)-oxo species. Identification and characterization of the ferryl species was probed by multiple techniques, including in situ UV−vis, Mossbauer, and infrared spectroscopies, as well as analysis of 18 O-labeled products. The data reveal a correlation between axial ligand donor strength and ferryl reactivity within a structurally homologous series, but the effect is small in magnitude. The Fe(IV)-oxo complex 3-CF 3 , which contains the most electron-poor axial ligand synthesized in this series, showed the weakest Fe−O bond and the fastest rate with a variety of HAT and OAT substrates. Taken together, this study provides a unique family of synthetic, water-soluble Fe(IV)-oxo complexes with systematic electronic tuning of axial ligands with high structural similarity. Current and future efforts will further exploit the versatility of PY5Me 2 and related polypyridine platforms for catalytic oxidation and reduction reactions in green, aqueous media.
■ EXPERIMENTAL SECTION
General Synthetic and Physical Methods. All manipulations were performed under ambient conditions, unless otherwise noted. Pyrophoric reagents were handled using standard glovebox and Schlenk-line techniques. Milli-Q H 2 O was used in all experiments. All commercially available reagents were used without further purification, unless otherwise noted. PY5Me 2 (2,6-bis(1,1-bis(2-pyridyl)ethyl)-pyridine), PY5Me 2 -CF 3 , and PY5Me 2 -NMe 2 were synthesized according to literature procedures 51 with slight modification. UV−vis spectra were recorded using a Varian Cary 50 BIO and an Agilent 8453 UV−visible spectrometer, both equipped with a Unisoku cryostat. Infrared spectra were recorded using a Bruker FT-IR Alpha-P ATR Instrument. Measurements of pH were conducted using a Thermo Orion 420 A+. NMR experiments were conducted using Bruker AVB-400 and AV-600 spectrometers. ESI-MS experiments were performed by the QB3 Proteomics/Mass Spectrometry facility at the University of California, Berkeley. X-ray crystallography was performed in the Chexray facility at the University of California, Berkeley. Elemental analyses were conducted at the Microanalytical Laboratory of the University of California, Berkeley.
PY5Me 2 -Me. An n-BuLi solution (4 mL, 2.5 M, 10 mmol, 3 equiv) was added slowly to a solution of 1,1-dipyridylethane (1.86 g, 10 mmol, 3 equiv) in 40 mL of dry and degassed 1,4-dioxane at 0°C. The solution was stirred for 30 min before 2,6-dichloro-4-picoline (0.545 g, 3.36 mmol, 1 equiv) was added as a solid. The reaction mixture was allowed to warm to room temperature and then heated to reflux for 2 days. After the solution was allowed to cool to room temperature, water was added to quench the reaction. The product was extracted with dichloromethane (3 × 20 mL). The organic layer was separated, washed with brine (2 × 15 mL), and dried with Na 2 SO 4 . The solvent was removed in vacuo. Methanol was added, followed by rotary evaporation to remove residual 1,4-dioxane. Et 2 O was then added to precipitate a light yellow solid. The solid was washed with Et 2 O and dried in air. A yellow solid (1.37 g, 87.3% yield) was obtained. 6 (137 mg, 0.25 mmol) was added as a solid. The mixture was sonicated for 30 s and placed in an ice bath as a green precipitate formed. The solid was collected on a sintered glass frit and washed with ice cold 3:1 MeCN:H 2 O mixed solvent. The products were stored at −20°C or directly used as samples for Mossbauer, IR spectroscopy, and mass spectrometry. For UV−vis experiments, a 1 mM solution of 1-X or 2-X in 4 mL of H 2 O was prepared. 5 equiv of (NH 4 ) 2 Ce(NO 3 ) 6 was added as a solid into a quartz cuvette equipped with a stir bar for rapid stirring. Absorption at 710 nm was monitored as the reaction progressed to completion. For O-18 labeling experiments, H 2 18 O was used a solvent during the formation of 3-X- 18 O only. Electrochemical Methods. Nonaqueous electrochemical experiments were conducted under an Ar atmosphere in 0.1 M NBu 4 PF 6 in CH 3 CN. Cyclic voltammetry experiments were carried out using a BASI Epsilon potentiostat with a C-3 cell stand. The working electrode was a glassy carbon disk (3.0 mm diameter), and the counter electrode was a platinum wire. A silver wire in a porous Vycor tip glass tube filled with 0.1 M NBu 4 PF 6 in CH 3 CN was used as a pseudoreference electrode. The scan rate for all cyclic voltammograms was 100 mV/s unless otherwise noted. All potentials were referenced against ferrocenium/ferrocene as an external standard and converted to SCE by adding 0.40 V to the measured potentials. Aqueous electrochemical experiments were conducted in a similar setup except that a Ag/AgCl electrode (CH Instruments) was used as a reference electrode with no external standard.
Photochemical Studies. All photochemical studies were performed under ambient conditions with either a 13 W blue fluorescence light bulb (GE, ACE hardware) or a small blue LED (VWR International). General conditions are as follows: 0. NMR Studies. Stoichiometric reactions of Fe(IV)-oxo species and substrate were performed in 5% d 6 -DMSO and 95% D 2 O. Delay time was adjusted to 10 s. General conditions were as follows: 2 mM Fe complexes, 2 mM substrate, and 1 mM of 3-(trimethylsilyl)propionic-2,2,3,3-d 4 acid sodium salt (NaTSP) as an internal standard. 66 General Methods for X-ray Crystallography. Single-crystal Xray diffraction was conducted at the University of California, Berkeley, College of Chemistry, X-ray Crystallography Facility. Crystals were mounted on nylon loops in paratone-N hydrocarbon oil. All data collections were performed on either a Bruker Quazar or an APEX diffractometer equipped with a CCD area detector and a lowtemperature apparatus. Data integration was performed using SAINT. Preliminary data analysis and absorption correction were performed using XPREP and SADABS. Structure solution and refinement was performed using the SHELX software package.
General Methods for Mossbauer Spectroscopy. Zero-field, 57 Fe Mossbauer spectra were recorded in a constant acceleration spectrometer (SEE Co., Edina, MN) between room temperature and 5 K in a Janis Research Co. cryostat (Willmington, MA). Collected spectra were analyzed using the WMOSS software package (SEE Co., Edina, MN). Isomer shifts are reported relative to α-iron (27 μm foil) at room temperature. Samples were prepared by mixing boron nitrile (BN) with finely ground crystalline samples of Fe complexes. A powder mixture was placed in a nylon washer wrapped in Kapton tape under an inert atmosphere prior to introducing into the spectrometer in air. Solution samples were prepared by freezing the Teflon sample holder containing 0.5 mL of sample in liquid nitrogen before introducing into the previously cooled spectrometer in air.
